A dominantly inherited gain-of-function mutation in the glycogen synthase (GYS1) gene, resulting in excess skeletal muscle glycogen, has been identified in more than 30 horse breeds. This mutation is associated with the disease Equine Polysaccharide Storage Myopathy Type 1, yet persists at high frequency in some breeds. Under historical conditions of daily work and limited feed, excess muscle glycogen may have been advantageous, driving the increase in frequency of this allele. Fine-scale DNA sequencing in 80 horses and genotype assays in 279 horses revealed a paucity of haplotypes carrying the mutant allele when compared with the wild-type allele. Additionally, we found increased linkage disequilibrium, measured by relative extended haplotype homozygosity, in haplotypes carrying the mutation compared with haplotypes carrying the wild-type allele. Coalescent simulations of Belgian horse populations demonstrated that the high frequency and extended haplotype associated with the GYS1 mutation were unlikely to have arisen under neutrality or due to population demography. In contrast, in Quarter Horses, elevated relative extended haplotype homozygosity was associated with multiple haplotypes and may be the result of recent population expansion or a popular sire effect. These data suggest that the GYS1 mutation underwent historical selection in the Belgian, but not in the Quarter Horse.
An incompletely penetrant dominantly inherited mutation in the skeletal muscle glycogen synthase (GYS1) gene has been identified in the domestic horse (Equus caballus) (McCue et al. 2008 ). This guanine (G) to adenine (A) base transition in exon 6 of GYS1 leads to an arginine (R) to histidine (H) amino acid substitution at codon 309 that appears to cause a gain of enzyme function, as evidenced by a measurable increase in glycogen synthase activity, increased glycogen concentration within skeletal muscle (McCue et al. 2008) , and an enhanced ability to replenish glycogen after exercise (Valberg et al. 1999) . The Arg309His mutation occurs in more than 30 domestic horse breeds, including light horse and draft breeds that are both phenotypically and genetically divergent (McCue et al. 2008 Stanley et al. 2009; Baird et al. 2010) . Previous work indicates that the mutation is identical by descent across breeds, suggesting that it predates the separation of domestic horse breeds (McCue et al. 2008 ).
The Arg309His mutation was originally discovered in a whole-genome association study in horses affected with Equine Polysaccharide Storage Myopathy Type 1 (PSSM1), although the molecular basis for the association between the functional effect of the mutation on glycogen synthase activity and disease signs has not yet been clearly defined. PSSM1 is a common skeletal muscle disorder affecting many breeds of horses, which is characterized by painful recurrent bouts of rhabdomyolysis (breakdown of muscle fibers, or "tying-up") following exercise. It is surprising that despite often severe, performance-limiting clinical disease, the frequency of this mutation in some breeds is as high as 0.35, with older, heavy horse breeds typically having higher allele frequencies than more recently developed light horse breeds .
The persistence of the GYS1 mutation in domestic horse breeds in the face of its unfavorable effects may be a reflection of changes in horse husbandry over time. Under modern management conditions, horses frequently receive substantial supplemental feed despite limited daily work. However, historically, horses were used for labor and transportation in both agrarian and urban settings, and daily work might include pulling a plow, loaded wagon, or carriage for 8 or more hours or traveling upward of 30-50 miles under saddle. Horses were typically maintained on grass pasture or poor-quality hay with minimal caloric supplementation in the form of grain and were thus expected to maintain high energy output on a low calorie diet (Hinchcliff and Geor 2008) . This is particularly true for draft horses that were utilized primarily as a work animal even after many light breeds were bred for other purposes such as racing. As clinical signs of PSSM1 can often be managed by a combination of low carbohydrate diet and regular exercise (Firshman et al. 2003) , we hypothesize that under historical management conditions, the presence of the Arg309His allele would have been unlikely to cause overt clinical disease. Indeed, efficient glycogen accumulation in the muscles and the ability to rapidly replenish glycogen stores may have been advantageous for working horses. Thus, the Arg309His allele may have been positively selected for through breeding before modern management conditions led to its recognition as a disease allele.
Here, we use DNA sequencing and single nucleotide polymorphism (SNP) genotyping of a large population of domestic horses to interrogate the 1.97-Mb region surrounding the Arg309His mutation for evidence of positive selection. We compare the evidence for selection in 2 historically and phenotypically divergent breeds: the Belgian, a draft breed descended from European draft horses developed more than 1000 years ago and the Quarter Horse, a light horse breed recently established in the United States.
Materials and Methods

DNA Sequencing and SNP Discovery Surrounding the GYS1 Arg309His Allele
Seventy-eight horses from 5 domestic horse breeds (E. caballus) (Supplementary Table S1 ) and 3 out-group individuals-1 domestic ass (Equus asinus) and 2 Prezewalski's horses (Equus przewalskii)-were sequenced across 3358 bp from 1606 bp upstream to 1751 bp downstream of the GYS1 Arg309His allele. Domestic horse samples were selected from the University of Minnesota Equine Neuromuscular Lab submission database, from breeds in which the Arg309His is present in moderate to high frequencies . Fifty-two of the 78 domestic horses selected for sequencing were either homozygous (n = 3) or heterozygous (n = 49) for the Arg309His allele, thus the mutant allele was present in 55 of the 156 chromosomes evaluated. Genomic DNA was amplified by standard PCR using 7 primer pairs encompassing a 3358 bp region around the Arg309His allele (see PCR  Conditions in Supplementary Methods and Supplementary  Table S2 ). The resulting products were Sanger sequenced (BioMedical Genomics Center, University of Minnesota) and the results visualized and aligned using Sequencher (Gene Codes Corporation, Ann Arbor, MI).
Consensus sequences were computationally phased using PHASE 2.1 (Stephens et al. 2001; Stephens and Scheet 2005) in conjunction with SeqPhase (Flot 2010) . PHASE runs used default parameters, with the threshold at which phases and genotypes are called correct [−p] set to 0.9 and minimum frequency of haplotype [−F] 0.01. Estimates of diversity, including θ = 4N e µ estimated as θ W , the number of mutations observed per locus (Watterson 1975) , θ π , the average number of pairwise differences (Tajima 1983) , and haplotype number (Depaulis and Veuille 1998) were calculated from computationally phased sequence data using tools from the libsequence library (Thornton 2003) . The 4-gamete test (Hudson and Kaplan 1985) was used to infer the minimum number of recombination events (R M ). Haplotype data were summarized using SNAP Map software (Aylor et al. 2006 ).
Genotyping in the 1.97-Mb Region Surrounding GYS1 Two hundred and seventy-nine horses from 8 breeds, including 51 of the horses used in sequencing described above, were genotyped for a total of 51 SNPs (including the GYS1 Arg309His allele) in a genomic region spanning from 19 742 834 to 17 772 917 bp on E. caballus chromosome 10 (ECA10) that surrounds GYS1. The sample set included 179 chromosomes with the Arg309His (A) allele and 379 chromosomes with the wild-type (G) allele, from 166 horses affected with PSSM1 and 113 horses unaffected with PSSM1 (Supplementary Table S3 ). The GYS1 Arg309His allele was genotyped by restriction fragment length polymorphism (RFLP) as previously described (McCue et al. 2008) . Fortyone SNPs were from SNP discovery based on a panel of 18 horses (36 chromosomes) sequenced using Sanger sequencing at the Broad Institute (Wade et al. 2009 ). These SNPs were genotyped using a Sequenom MALDI-TOF mass spectrometry platform (Sequenom, Inc., San Diego, CA) as described in McCue et al. (2008) (Supplementary Table S4 ). Five of the 9 additional SNPs discovered through sequencing analysis (above) were genotyped by RFLP in the 228 horses that were not already sequenced. Unique RFLP genotyping assays could not be performed for four of the novel SNPs, and genotypes at these SNPs were determined by sequencing or imputed using fastPHASE 1.2 (Scheet and Stephens 2006 ) (see below and Genotype Imputation in Supplementary Methods and Supplementary Tables S4 and S5) .
Genotype data were computationally phased, and missing genotypes were imputed using fastPHASE 1.2 (Scheet and Stephens 2006 ) using options to estimate haplotypes by minimizing individual error, incorporation of subpopulation (breed) labels to account for subpopulation-related deviation from Hardy-Weinberg equilibrium, and the option to estimate haplotype frequency (as above). Estimates of diversity, including average number of pairwise differences (Tajima 1983) , number of segregating sites, and haplotype number (Depaulis and Veuille 1998) were calculated from computationally phased genotype data over the 1.97-Mb region using tools from the libsequence library (Thornton 2003) .
The 4-gamete test (Hudson and Kaplan 1985) was used to infer the minimum number of recombination events (R M ). The population recombination parameter, ρ = 4N e r, was estimated as a means of characterizing linkage disequilibrium (LD) in both the sequencing and genotyping data. We used the composite likelihood estimator of Hudson (2001) on phased data as implemented in the program maxhap. The genotype data of 279 individuals (580 chromosomes) were resampled 10 times for use with a 100 chromosome lookup table for the composite likelihood recombination rate estimator.
Relative Extended Haplotype Homozygosity
Extended haplotype homozygosity (EHH) (Sabeti et al. 2002 ) is a measure of LD and is the probability that 2 randomly chosen chromosomes from a population are identical by decent as measured from a "core" region of interest outward along the chromosome. Relative extended haplotype homozygosity (REHH) normalizes EHH for the frequency of the haplotype, essentially correcting for the fact that lowfrequency haplotypes tend to have longer LD. The extent of long-range LD flanking the GYS1 Arg309His allele was assessed by calculating REHH as described in Sweep 1.1 (Sabeti et al. 2002) using custom code written in the statistical programming language R (open source code available online at http://www.github.com/schae234/SweepR). REHH was calculated for all 51 markers using a core haplotype spanning from SNP2 to SNP5 (Supplementary Table  S4 ), which encompasses the GYS1 Arg309His allele as the second SNP in the four-SNP core. There were 4 cores identified that contained the wild-type "G" allele (CGGC, TGGC, TGAC, and TGGT) and 1 core that contained the derived "A" allele (TAGC). In addition to examining empirical data from the entire sample population, data from Belgian horses and Quarter Horses were evaluated separately. In order to account for oversampling of PSSM1-affected horses with an "A" allele in these breeds, rebalanced samples were created in 5000 separate permutations using a uniform distribution of allele frequency centered around the empirical "A" allele frequency for each breed ) (Supplementary Figure S1 ). For Belgians, each rebalanced permutation included 95 chromosomes with a targeted "A" allele frequency of 0.25, whereas for Quarter Horses, each rebalanced permutation included 115 chromosomes with a targeted "A" allele frequency of 0.05.
To assess the statistical significance for the calculated REHH, the 1.97-Mb region surrounding GYS1 was simulated using a coalescent simulation in the program ms (Hudson 2002) . Simulations across a range of recombination rates (ρ = 4N e r, where r is the recombination rate per generation) were compared with permuted empirical data using the number of segregating sites, minimum number of recombination events (R M ), number of haplotypes, and mean squared correlation in allele frequency (r 2 ) or Z nS (Kelly 1997) . The empirical data from both Quarter Horses and Belgians provided the closest fit to simulations with ρ = 100 and 200 for the locus (or ρ = 100/1 970 000 bp = 5.1 × 10 -5 /bp) (Supplementary Figure S2) , and these recombination rates were used for subsequent simulations. Coalescent simulations were also used to generate data sets to reflect potential demographic scenarios that could impact patterns of diversity within horse populations-a population bottleneck in Belgian horses and rapid population expansion in Quarter Horses (see Coalescent Simulations in Supplementary Methods). Homozygosity and frequency of the SNP cores in the simulated data were chosen to match that of the empirical data, and expected REHH was calculated over 1000 neutral sequence simulations, creating a null distribution for expected REHH for each of the core haplotypes identified in the empirical data. The permuted empirical REHH values were then compared with the simulated values by fitting a regression curve through the 50th percentile of the empirical data and examining in which percentile of the simulated data this quantile regression line fell.
Results
Sequence Analysis
One hundred and sixty chromosomes (from 78 domestic horses and 2 Prezewalski's horses) were sequenced across an aligned length of 3358 bp surrounding the GYS1 Arg309His mutation to examine if additional variation existed around the derived "A" allele that had been missed in previous analyses (e.g., McCue et al. 2008) . The domestic ass originally included in the group could only be partially sequenced. Nine novel intronic SNPs were identified along with the previously identified Arg309His mutation in GYS1 (Supplementary  Table S4 ). After computational inference of phase, all chromosomes containing the derived "A" allele were found on a single haplotype across the 10 SNPs in this 3358 bp region. Chromosomes containing the wild-type "G" allele occurred as 8 distinct haplotypes (Table 1 ). All chromosomes from the sequenced Prezewalski's horses (and the domestic ass) contained the "G" allele at the Arg309His mutation. The single "A" allele haplotype differs from this ancestral "G" haplotype only at the Arg309His locus. Ten SNPs contributed to 9 haplotypes, with evidence of a single recombination event.
Haplotype Analysis in Genotyped Samples
Four hundred and one haplotypes were present across the 558 chromosomes and 51 SNPs in the 1.97-Mb region surrounding GYS1. The number of haplotypes (n = 91), number of SNPs (n = 43), number of recombination events (R M = 25), and pairwise similarity (0.160) were lower in chromosomes containing the Arg309His "A" allele when compared with chromosomes with the wild-type "G" allele across the entire data set and when the analysis was repeated within breeds (Table 2) . Haplotype richness (number of unique haplotypes observed in 4 SNP sliding windows) across the 1.97 Mb was decreased in chromosomes containing the "A" allele and in the population as a whole at the region encompassing the Arg309His mutation (Supplementary Figure S3) .
Among these 279 genotyped horses, a highly conserved haplotype of ~350 kb immediately surrounding the GYS1 mutation (previously reported in McCue et al. 2008 ) was confirmed in chromosomes containing the "A" allele mutation. In the data reported here, this ~350 kb region included 20 SNPs. One hundred and forty-five of 179 chromosomes (81.0%) containing the "A" allele exhibited a single haplotype across this region. The remaining 34 chromosomes with the "A" allele were contained in 9 haplotypes (Supplementary  Table S6 ). In contrast, the 379 chromosomes containing the wild-type "G" allele included 93 distinct haplotypes; the most common "G" allele haplotype was found in 49 chromosomes (12.9%) (Supplementary Table S6 ).
Relative Extended Haplotype Homozygosity
REHH in 279 genotyped horses from 8 different breeds (Supplementary Table S3 ) demonstrated an elongated haplotype surrounding the "A" allele (core haplotype TAGC) (Figure 1 ). This highly conserved haplotype is in contrast with the diversity found in the haplotypes surrounding the wild-type "G" allele (haplotypes CGGC, TGGC, TGAC, and TGGT in Figure 1 ). Five core haplotypes were found in 98% of individuals across this 1.97-Mb region. Quantitatively, REHH was increased across the 1.97-Mb region surrounding GYS1 in the core haplotype including the "A" allele when compared with those haplotypes containing the wild-type "G" allele (Figure 1) . When examined individually, REHH for the "A" core haplotype in Belgians and Quarter Horses remained increased compared with "G" haplotypes even after resampling to balance the "A" and "G" alleles to empirical frequencies observed in each breed (Figure 2) .
In initial coalescent simulations with ρ = 100 or 200 (see Coalescent Simulations in Supplementary Methods), REHH values calculated in 3 of the 5 core haplotypes from the empirical data were higher than in the simulated data (i.e., higher than expected given the frequency of the haplotype) (Figure 3) . However, in the Belgians, only the REHH for 
All chromosomes containing the GYS1 mutation ("A" allele at the third SNP position, labeled in italics) are contained within a single haplotype across all breeds. The wild-type "G" allele is found in 8 distinct haplotypes, the most common of which differs from the "A" haplotype at only the Arg309His allele. This most common "G" haplotype was found in the sequenced Prezewalski's horses and domestic ass and is presumed to be the ancestral state. Downloaded from https://academic.oup.com/jhered/article-abstract/105/2/163/790739 by guest on 11 January 2019 the haplotype containing the "A" allele (TAGC) was statistically significantly elevated when compared with the simulated data. This was most marked at distances greater than 100 000 bp from the core (Supplementary Table S7 ). In contrast, in the Quarter Horses, the haplotype containing the "A" allele (TAGC) and 2 haplotypes containing the wild-type "G" allele (CGGC and TGAC) sporadically had statistically significantly elevated REHH compared with the simulated data at distances between 5000 and 500 000 bp from the core (Supplementary Table S7 ).
Demographic events can result in persistence of a mutation in a population at moderate to high frequency in the absence of selection (Maruyama and Fuerst 1985; Tajima 1989) . To determine if demographic events could account for elevated REHH, a rapid population expansion, consistent with breed history (see Discussion), was modeled for Quarter Horses, whereas a population bottleneck was simulated in the Belgian horses. The inclusion of a recent demographic expansion in Quarter Horses did not result in a major elevation of REHH relative to initial simulations and did not approach the values Figure 1 . REHH for the 5 core haplotypes in 279 horses (558 chromosomes) from 8 breeds spanning 500 kb upstream and 500 kb downstream of the GYS1 Arg309His mutation. Haplotype TAGC (solid line) contains the derived "A" allele, whereas the remaining haplotypes (TGGT, TGAC, CGGC, and TGGC) contain the wild-type "G" allele. The TAGC haplotype exhibits elevated REHH compared with the other haplotypes, which is especially marked at distances further from the core. , and 500 kb downstream, respectively, of the haplotype core containing the GYS1 Arg309His mutation. Curved blue lines represent the 95th, 90th, and 75th percentiles for the simulated data. REHH values are represented on the y axis, whereas core haplotype frequency is represented on the x axis. Black points represent simulated data (1000 simulations). Colored points represent resampled empirical data (5000 permutations). Haplotype TAGC (blue) contains the mutated "A" allele, whereas the remaining haplotypes (TGGT, TGAC, CGGC, and TGGC) contain the wild-type "G" allele. observed in the empirical data (Supplementary Table S7 ). In the Belgians, empirical REHH for the haplotype containing the "A" allele was significantly elevated when compared with simulations including a demographic decline in the population, especially at distances greater than 100 000 bp from the core (Figure 4 and Supplementary Table S7 ). REHH in empirical data was elevated over that predicted in coalescent simulations with ρ = 100 and 200.
Discussion
The horse was domesticated relatively recently on the evolutionary time scale, with the majority of modern breeds developed in the last several hundred years (Warmuth et al. 2012) . In this scenario, the observation of intermediate frequency haplotypes with minimal nucleotide diversity is strongly suggestive of selection but may not result in changes in allele frequency that would result in a rejection of neutral based on Tajima's D (Tajima 1989) , Fu and Li's D (Fu and Li 1993) , or similar tests based on the site frequency spectrum (Hudson et al. 1994; Innan et al. 2005) . In some cases, haplotype frequency (Hudson et al. 1994; Innan et al. 2005) or, because of genetic hitchhiking (Maynard Smith and Haigh 1974) , extended haplotypes (Sabeti et al. 2002) provide more direct evidence of selection. Long haplotypes have been shown to be useful to detect alleles undergoing recent positive selection, even when allele frequencies are as low as 10% (Sabeti et al. 2006) . The data presented here demonstrate a paucity of haplotype diversity and high LD surrounding the derived GYS1 Arg309His "A" allele when compared with the wildtype "G" allele, not only when mapping high-frequency SNPs but also when sequencing the region immediately surrounding the GYS1 mutation. Under a standard neutral history and assuming uniform recombination rates, haplotype decay would be expected to occur equally around both alleles. Extended LD near the "A" allele supports the hypothesis that the GYS1 mutation underwent positive selection within the equine population.
EHH and REHH are used to identify evidence for recent positive selection in the genome where advantageous alleles have not yet reached fixation (Sabeti et al. 2002) . REHH surrounding the "A" allele was much greater then REHH values surrounding the "G" allele across horse breeds. However, as has been observed in other domesticated species such as dogs, where breed structure dominates mating patterns, diversity is dramatically reduced within individual horse breeds owing to selective mating among a relatively limited population (Petersen et al. 2013) ; therefore, we also examined REHH values within 2 breeds where PSSM1 is clinically important-the Belgian draft horse, in which the GYS1 Arg309His allele frequency is high (0.242; McCue et al. 2010 ) and the Quarter Horse, in which the allele frequency is low (0.034; McCue et al. 2010) . REHH values were greater in cores containing the "A" allele compared with the "G" allele in both Belgians and Quarter Horses even after rebalancing the empirical data to reflect observed population allele frequencies. Comparison of rebalanced empirical data with simulated data under a neutral drift scenario in Belgian draft horses demonstrated significantly elevated REHH 500 000 bp up-and downstream of the "A" allele, but not the "G" allele, suggesting that it is unlikely that this mutation could have risen to current levels under neutrality. In contrast, in Quarter Horses, REHH was significantly elevated for both the core containing the "A" allele and 2 cores containing the "G" allele, suggesting that the extended haplotypes surrounding both the "A" allele and the "G" allele were different from neutral expectations.
Population demographics, including bottlenecks and population expansion, can alter patterns of haplotype frequency in a manner that could differ dramatically from that expected for populations at equilibrium (Maruyama and Fuerst 1985; Tajima 1989) . This is of special concern in the 2 breeds investigated here. The Belgian underwent a severe population bottleneck both as a result of the mechanization of agriculture in the early to mid-1900s and World War II and during establishment of the breed in the United States with a limited number of founders. Similarly, the Quarter Horse was organized as a distinct breed in 1940 based on a limited number of founders, but, in contrast to the Belgian, has undergone an enormous population expansion since. When empirical data in the Belgians were compared with data simulated using the demographic scenario, the REHH seen around the "A" allele remained significantly higher than simulated values suggesting that the high allele frequency in this breed is unlikely to be due to a bottleneck alone. Quarter Horses have a much lower GYS1 "A" allele frequency than the Belgian and similar draft breeds , and the allele frequency in the Quarter Horse may simply represent an increase in a rare allele present at breed founding due to rapid population expansion (Klopfstein et al. 2006) . In simulations of a population expansion in the Quarter Horse, we found that REHH of the core containing the "A" allele as well as 2 cores containing the "G" allele appeared significantly different than the simulated data. It is likely that simulations did not capture all of the forces acting on the Quarter Horse population, as factors such as a popular sire effect are extremely difficult to simulate. However, as elevated empirical REHH values were seen in this population for both the "A" haplotype and more than 1 "G" haplotype, it is likely that the persistence of the "A" allele is due to founder effect and rapid population expansion rather than selection for this allele.
The horse is the most athletic of the domestic species and is considered to be the most proficient for "apparent efficiency" of terrestrial locomotion as defined by total mechanical work output divided by metabolic work (Minetti et al. 1999) . The evolution of this athletic ability in the horse is likely the result of both pre-and postdomestication selective pressures. The primary role of the horse through most of their domestication history has been for use in agriculture and warfare, with artificial selection imposed repeatedly over many generations to favor phenotypic or functional traits specific to human utilization of this species, including muscle mass, strength, speed, and/or endurance (i.e., superior ability to perform anaerobic and aerobic exercise).
A key component in the athletic performance in the horse is the availability and utilization of metabolic substrates in skeletal muscle. During exercise, skeletal muscle is dependent on chemical energy derived from carbohydrate and fat metabolism. The relative contribution of fat and carbohydrate is dependent on exercise intensity and other factors (JoseCunilleras and Hinchcliff 2004 ), but at the same intensity of exercise, horses utilize a higher proportion of carbohydrates relative to fat compared with other species. Further, muscle glycogen stores in horses are much greater than in other species (Hinchcliff and Geor 2008) , suggesting that muscle glycogen may be a key contributor to the greater athletic capacity in horses. Depletion of muscle glycogen in horses has been linked to decreased time to exhaustion during moderate intensity exercise (Topliff et al. 1983 ) and decreased anaerobic work performance (Lacombe et al. 2001) . Despite evidence for the importance of muscle glycogen in athletic performance in the horse relative to other species, the rate of muscle glycogen synthesis after exercise depletion in horses is 4 times lower than that in human athletes (Jose-Cunilleras and Hinchcliff 2004) . Thus, the resting glycogen stores and replenishment of these stores in skeletal muscle are likely major contributors to an individual horse's ability to perform consistent work. The GYS1 Arg309His allele results in a gain of function in the skeletal muscle glycogen synthase enzyme, leading to the accumulation of 2-4 times the normal level of glycogen in skeletal muscle and an enhanced ability to restore skeletal muscle glycogen after exercise (Valberg et al. 1999; McCue et al. 2008) . Interestingly, the GYS1 Arg309His allele tends to occur in breeds with a high type IIb (glycolytic, fasttwitch) skeletal muscle fiber type proportion in gluteal muscles such as the Belgian and Quarter Horses (Firshman et al. 2008; Bedford et al. 2013) and is absent in breeds such as the Thoroughbred, Arabian, Standardbred, and Andalusian, where type I (oxidative, slow-twitch) and type IIa (mixed oxidative/glycolytic, fast-twitch) fibers predominate (Essén et al. 1980; López-Rivero et al. 1989) .
The age of the GYS1 Arg309His allele, estimated based on LD, is between 1200 and 1500 years (McCue et al. 2008) . This estimate places the origin of this allele before the foundation of many modern breeds and suggests that the allele was perpetuated in the domestic horse through selection despite recent recognition of association with clinical disease under modern management. The disease manifestation (PSSM1) associated with the GYS1 Arg309His allele thus may be an example of an ancestral disease, where a previously advantageous genotype has become detrimental due to environmental changes. The classic example of an ancestral disease is the "thrifty" genotype proposed by Neel (1962) to explain widespread susceptibility to common diseases such as Type 2 diabetes, obesity, and hypertension in humans (Di Rienzo and Hudson 2005; Di Rienzo 2006) . The "thrifty" gene hypothesis suggests that ancestral alleles favoring efficient nutrient storage and processing may have had a selective advantage in hunter-gatherer societies with unpredictable food supplies. As a societal shift to agriculture occurred, derived alleles that favored efficient use and elimination of stored nutrients conferred protection against metabolic disease, whereas the ancestral alleles became detrimental (Di Rienzo and Hudson 2005; Di Rienzo 2006) . Although this phenomenon has not been previously recognized in the horse, the Arg309His allele may reflect a similar scenario. Notably, the Belgian draft horse was being selectively bred for several hundred years under historical management conditions where this allele may have been advantageous. In contrast to Belgian draft horses, much of the Quarter Horse population expansion has occurred after adoption of modern management practices and after the historical period in which the GYS1 Arg309His allele would have had the hypothesized advantage.
In summary, the region surrounding the GYS1 Arg309His mutation that is associated with PSSM1 across horse breeds exhibits several signatures of selection, including high-derived allele frequency and lack of haplotype diversity surrounding the mutation. Comparison of marker-and sequence-based empirical data to simulation of both a neutral scenario and a severe bottleneck in the Belgian breed suggest that the GYS1 mutation is unlikely to have arisen to its current frequency in this population under neutrality and supports the hypothesis that the effects of this mutation on glycogen storage and energy metabolism conferred a metabolic advantage for this breed and was the target of artificial selection. In contrast, the persistence of the GYS1 mutation in the Quarter Horse cannot be attributed to selection but is likely the result of founder effect and a recent population expansion. As the mutation is deleterious under modern management, it is possible that its frequency will decrease with time in this breed. Signatures of selection for production traits have also been reported in domestic cattle and swine (e.g., Glick et al. 2012; Rubin et al. 2012) . However, this is the first evidence of a functional allele under selection in the domestic horse.
